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Cast duplex stainless steels are susceptible to thermal aging during long-term service at
temperatures ranging from 280C to 450C. To analyze the effect of thermal aging on leak-
before-break (LBB) behavior, three-dimensional finite element analysis models were built
for circumferentially cracked pipes. Based on the elasticeplastic fracture mechanics the-
ory, the detectable leakage crack length calculation and J-integral stability assessment
diagram approach were carried out under different bending moments. The LBB curves and
LBB assessment diagrams for unaged and thermally aged pipes were constructed. The
results show that the detectable leakage crack length for thermally aged pipes increases
with increasing bending moments, whereas the critical crack length decreases. The liga-
ment instability line and critical crack length line for thermally aged pipes move down-
ward and to the left, respectively, and unsafe LBB assessment results will be produced if
thermal aging is not considered. If the applied bending moment is increased, the degree of
safety decreases in the LBB assessment.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Cast austeniteeferrite stainless steels are widely used in the
primary circuit piping of pressurized water nuclear reactors. It
is well established that these steels are susceptible to thermal
aging embrittlement during long-term service at tempera-
tures ranging from 280C to 450C [1e3]. Consequently, the
duplex stainless steels suffer a great loss of fracture toughnessang).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behaand their tensile properties increase [4]. For large cast com-
ponents, crack-like defects cannot be avoided in the
manufacturing and installation processes. It is thus necessary
to assess the effect of thermal aging on the structural integrity
of nuclear pressure pipes.
The leak-before-break (LBB) analysis is a high-level struc-
tural integrity assessmentmethod for pressurized vessels and
pipes containing defects. The fundamental criterion of theCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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result in coolant leaking rates in excess of those detectable by
leak monitoring systems, can remain stable under all pre-
dictable loading conditions [5]. The LBB assessment has
widely been investigated to assess the safety of nuclear ves-
sels and pipes [6e9] and has also been adopted in advanced
nuclear power technology, such as AP1000 and fast breeder
reactors [10e12]. The structural integrity assessment [13,14]
and probabilistic fracture mechanics analysis [15] of ther-
mally aged nuclear components have been well established.
The effect of thermal aging on the LBB behavior has been
addressed in a preliminary work [16]. However, the load may
change due to an upset operation load plus an earthquake
load during the whole life period of a nuclear power plant [10],
and the LBB behavior under different loads needs to be
assessed.
For this study, three-dimensional finite element (FE) anal-
ysis models were built for a series of unaged and thermally
aged circumferential cracked pipes to conduct the LBB
assessment. Based on the elasticeplastic fracture mechanics
theory, the detectable leakage crack length calculation and J-
integral stability assessment diagram approach were carried
out under different bending moments. Then, the LBB curves
and LBB assessment diagrams of nuclear pressure pipes were
constructed, and the effect of thermal aging on LBB behavior
was analyzed.2. LBB assessment for unaged and thermally
aged nuclear pipes
2.1. Material properties and geometric model
The material investigated was Z3CN20-09M centrifugal cast
duplex stainless steel with a mean ferrite content of 14.6%. In
order to evaluate the LBB behavior of nuclear pressure pipes
after 40 years of service, the Z3CN20-09M steel was thermally
aged at 400C for 10,000 hours. This treatment causes the
same degree of embrittlement as seen after nearly 40 years of
service at 290C when Q ¼ 100 kJ/mol [1], according to the
Arrhenius equation:
t1
t2
¼ exp

Q
R

1
T1
 1
T2

(1)
where t1 and t2 are the service times at temperatures of T1 and
T2, respectively; R is the gas constant; and Q is the Arrhenius
activation energy. Mechanical and fracture properties of the
unaged and thermally aged materials are summarized in
Tables 1 and 2 [16].Table 1 e Mechanical and fracture properties of unaged and th
Material Young modulus,
E (GPa)
Poisson's
ration, n
Yield str
sy (MPa
Unaged material 176 0.3 243
Aged material 176 0.3 262
a JR(△c) ¼ C1(△c)C2 is a power law fit, where C1 and C2 are material consThe geometric model used a straight pipe containing a
circumferential partial-through crack with crack depth a and
total angle 2q (2q ¼ 2c/Rm), as shown in Fig. 1. The mean radius
and the thickness of the pipe are Rm ¼ 402 mm and t ¼ 67 mm,
respectively. In the limiting case of a/t/ 1, it was a circum-
ferential through-wall crack. Internal pressure P, bending
moment M, and axial force N were commonly considered in
the LBB analysis for nuclear pressure pipes.2.2. FE analyses
Fig. 2 depicts typical FE meshes for circumferential partial-
through and through-wall cracked pipes. Taking advantage
of symmetric conditions, only one-quarter of the pipe was
modeled using eight-node isoparametric brick elements with
reduced integration (C3D8R in ABAQUS). The crack-tip region
was designed with collapsed elements, and a ring of wedge-
shaped elements was used. The number of elements for
partial-through cracks ranged from 21,000 to 28,000 and for
through-wall cracks from 5,400 to 6,200.
For the loading conditions, an internal pressure of 17 MPa,
that is, the service pressure in the nuclear pipes, was applied
as a distributed load on the inner surface, together with
pressure-induced axial tension applied at the end of a pipe.
More importantly, 100% of the internal pressure was also
applied to the crack face for partial-through cracks and 50%
for through-wall cracks. On the other hand, the bending
moment M as a primary load was applied to the end of the
pipe in the FE model.2.3. LBB assessment method
Fig. 3 illustrates the LBB assessment diagram [10,17,18], where
the normalized crack depth a/t is plotted against the crack
length 2c. The critical crack length line and the ligament
instability line separate the diagram into four regions: safe,
leak, dangerous, and break regions. An initial partial-through
crack, pointed out in the diagram, could grow to a through-
wall crack under in-service loading conditions. When the
crack propagates along path OAA1, the crack size (a/t, 2c) is
located in the safe or leak region, and the penetrated crack
length 2cp is smaller than the critical crack length 2ccrit.
Meanwhile, if there is enough time to take safety measures
(such as unloading and repairing) before the component
ruptures, the LBB assessment has been fulfilled. When the
crack propagates along path OBB1, the crack size (a/t, 2c) is
located in the dangerous or break region, and the penetrated
crack length will be larger than the critical crack length, and
the LBB assessment cannot be fulfilled.ermally aged materials.
ess,
)
Fracture toughness,
JIC (kJ/m
2)
JeR curve parametersa
C1 C2
1,726 1,151 0.484
478 645 0.393
tants,△c is crack extension in mm, and JR(△c) is in kJ/m
2.
Table 2 e Stressestrain curves of unaged and thermally aged materials.
Total strain, ε 0.01 0.02 0.04 0.06 0.08 0.10 0.15 0.20 0.30
Stress/yield stress for unaged material 1.15 1.23 1.34 1.43 1.52 1.59 1.74 1.86 2.03
Stress/yield stress for aged material 1.19 1.31 1.47 1.58 1.69 1.78 1.96 2.11 2.30
Fig. 1 e Geometry of pipe containing a circumferential partial-through crack.
Fig. 2 e Finite element meshes of cracked pipes. (A) Pipe with a circumferential partial-through crack. (B) Pipe with a
circumferential through-wall crack.
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Fig. 3 e Diagram of LBB assessment. LBB, leak before break.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 1 2e7 1 8714In the LBB assessment diagram, the detectable leakage
crack length, critical crack length line, and ligament instability
line should be determined. A two-phase critical flow model
[19] is frequently used to perform the calculation of detectable
leakage crack length. The critical crack length line and the
ligament instability line will be obtained by the J-integral
stability assessment diagram approach [20,21], on the basis of
the elasticeplastic fracture mechanics theory.3. Results and discussion
3.1. Validity of FE analysis
The stress intensity factors are directly extracted from the
deepest point of partial-through cracks and the middle point
of the center of through-wall cracks, which are comparedwith
the values given in the Electric Power Research Institute (EPRI)
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 1 2e7 1 8 715handbook [22] in Fig. 4. The analyses were carried out under
the condition of constant bending moment M ¼ 10,000 kN m.
The agreement between FE model results and EPRI solutions
implies that the FEmodel used in this study is valid for precise
analysis.Fig. 5 e Typical crack opening profiles of through-wall
cracks for unaged nuclear piping under a given constant
bending moment M ¼ 2,000 kN m.3.2. Effect of thermal aging on detectable leakage crack
length
The typical crack opening profiles of through-wall cracks for
nuclear pipes are shown in Fig. 5, and they are assumed to be
of elliptical shape, which is widely used in the LBB analysis. To
determine the detectable leakage crack length of nuclear
pipes, the crack opening displacement values were deter-
mined from the FE displacement results in the mean thick-
ness of the center of the through-wall cracks. Fig. 6 shows the
variations of crack opening displacement values with
through-wall crack length 2q for different applied bending
moments M. It can be seen that the crack opening displace-
ment of thermally aged pipes is almost the same as that of
unaged pipes when the applied bending moment is small.
However, the crack opening displacement of thermally aged
pipes becomes smaller than that of unaged pipes with an in-
crease in the applied bending moment. Such differences are
believed to result from the effect of plastic deformation near
the crack location. Plastic deformation does not occur under
smaller bending moments for both unaged and aged mate-
rials, and the crack opening displacement is small. However,
compared to the unaged material, the aged material will not
produce plastic deformation easily due to higher material
strength under larger bending moments, and the crack
opening displacement will become smaller.
Fig. 7 shows the detectable leakage crack lengths for both
unaged and thermally aged pipes, which are calculated by the
two-phase critical flow model described previously [16]. This
result shows that the detectable leakage crack length ofFig. 4 e Comparison of stress intensity range between
finite element model (FEM) values and the values in the
Electric Power Research Institute (EPRI) handbook. (The
lines represent solutions of EPRI handbook and scatters
represent solutions of FEM.)thermally aged pipes is longer, but that the discrepancy dis-
appears with decreases in applied bending moments.
3.3. Effect of thermal aging on LBB curve
In the LBB analysis, it is necessary to determine the critical
crack length that is defined as a boundary between a leak and
a break in a cracked structure in Fig. 3. This is determined by
the J-integral stability assessment diagram approach, which
has been described previously [16]. In the present work, the
different mechanical properties and fracture properties of
both unaged and thermally aged Z3CN20-09M steels were
considered. The crack driving force was directly extracted
from the FE results using a domain integral with different
through-wall crack lengths, and the maximum J-integral
value was considered for conservative assessment. Material
resistance curves can be obtained from Table 1. Fig. 8 shows,
,
,
,
Fig. 6 e Variations of crack opening displacement values
with through-wall crack length 2q for different applied
bending moments M.
,,
,
,
Fig. 7 e Determination of detectable leakage crack length
for both unaged and thermally aged pipes.
,
,
,
,
,
Fig. 9 e Leak before break curves for both unaged and
thermally aged nuclear pipes.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 1 2e7 1 8716the determination of the critical crack length for both unaged
and thermally aged nuclear pipes under a given constant
bending moment M ¼ 10,000 kN m. It shows that the critical
half crack lengths for unaged and thermally aged pipes are
143.82 mm and 121.27 mm, respectively, decreasing by a fac-
tor of 15.68%. The corresponding critical crack length 2q can be
determined as 40.99 and 34.57, respectively.
The crack driving force significantly decreases after ther-
mal aging at the same crack length, which is also illustrated in
Fig. 8. This is due to the small plastic deformation near the
crack location that has higher material strength after thermal
aging. However, the lower fracture toughness after thermal
aging will easily cause unstable propagation of a through-wall
crack and thus decrease the critical crack length.
Fig. 9 presents the curves of applied bending moment M
versus critical crack length 2q using the same method as
above, which are the so-called LBB curves. For a given applied
bending moment M, the critical crack length 2q can be0 50 100 150 200
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Fig. 8 e Determination of the critical crack length for both
unaged and thermally aged nuclear pipes by the J-integral
stability assessment diagram approach.determined directly, and the LBB assessment will be fulfilled
as long as the crack length at leakage is smaller than the
critical crack length. Fig. 9 shows that the LBB curve of unaged
nuclear pipes is higher than that of thermally aged pipes. This
means that the lower fracture properties of thermally aged
materialswill result in a shorter critical crack length under the
same loading condition.3.4. Effect of thermal aging on LBB assessment
The detectable leakage crack length and the critical crack
length are shown in Figs. 7 and 9, respectively. The ligament
instability line is obtained by the J-integral stability assessment
diagram approach [20,21] for partial-through cracks. Fig. 10
shows the determination of the ligament instability point for
both unaged and thermally aged pipes containing a partial-
through crack with length 2q ¼ 90 and a given constant
bending moment M ¼ 10,000 kN m. The crack driving force is,
,
,
,
I
I
–
–
Fig. 10 e Determination of the ligament instability point for
both unaged and thermally aged pipes by the J-integral
stability assessment diagram approach.
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cracks, and the material resistance curves are also obtained
from Table 1. The critical crack depths a at the instability point
in Fig. 10 are 45.37mmand 39.62mm for unaged and thermally
aged pipes, respectively, and the corresponding normalized
crack depths a/t are determined as 0.677 and 0.592, respec-
tively. By the same method, a series of ligament instability
points will be calculated for the partial-through cracks with
different lengths under M ¼ 10,000 kN m, and the corre-
sponding ligament instability line can be constructed by con-
necting those points.
Since the maximum stress may change during a safe
shutdown earthquake, the LBB assessment diagrams for both
unaged and thermally aged nuclear pipes under a constant
pressure of 17 MPa, and applied bending moments from
8,000 kN m to 11,000 kN m, were constructed, as shown in
Fig. 11. It can be seen that the ligament instability lines after
thermal aging move downward and the critical crack length
lines move to the left, which results in the decrease of the
safety margin of LBB behavior. This demonstrates that unsafe
LBB assessment results will be produced if thermal aging is
not taken into consideration.,
,
,
,
,
,
,
,
(A)
(B)
Fig. 11 e Leak before break assessment diagrams for
both unaged and thermally aged pipes under different
applied bending moments. (A) M ¼ 8,000e9,000 kN·m.
(B) M ¼ 10,000e11,000 kN·m.Three parameters, s1, s2, and s3, can be defined to quantify
the degree of safety of LBB assessment for thermally aged
pipes, where s1 denotes the difference between the ligament
instability lines for the crack length 2q ¼ 90, and s2 and s3
denote the differences between the critical crack length 2ccrit
and the detectable leakage crack length 2cdet for unaged and
thermally aged pipes, respectively. The three parameters are
defined as follows and the calculation results at different
bending moments are shown in Fig. 12:
s1 ¼
h
ða=tÞaged  ða=tÞunaged
i
ða=tÞunaged
 100% (2)
s2 ¼
h
ð2ccritÞaged  ð2ccritÞunaged
i
ð2ccritÞunaged
 100% (3)
s3 ¼
h
ð2cdetÞaged  ð2cdetÞunaged
i
ð2cdetÞunaged
 100% (4)
It can be seen from Fig. 12 that the external bending
moment has the strongest influence on detectable leakage
crack length, followed by the critical crack length and liga-
ment instability lines. The safe and leak regions narrow in the
LBB assessment diagram because of an increase in the
detectable leakage crack length and a decrease in the critical
crack length and ligament instability lines. Therefore, the
degree of safety of the LBB assessment decreases with in-
creases in the applied bending moment.4. Conclusion
Z3CN20-09M stainless steels are sensitive to thermal aging
embrittlement during long-term service, resulting in an in-
crease in tensile strength and a significant degradation in
fracture toughness. The effect of thermal aging on the LBB
assessment of nuclear pipes was investigated under different
bending moments, and the main conclusions are as follows:, , , , , ,
(
)
Fig. 12 e Degree of unsafety for thermally aged pipes.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 1 2e7 1 8718(1) The detectable leakage crack length of thermally aged
pipes is longer than that of unaged pipes when the
applied bending moment is larger, and the effect of
thermal aging on the detectable leakage crack length is
not obvious with decreases in the applied bending
moment.
(2) The LBB curve of unaged pipes is higher than that of
thermally aged pipes. The critical crack length becomes
shorter after thermal aging under the same loading
condition.
(3) Unsafe LBB assessment results will be produced if
thermal aging is not considered.With an increase in the
applied bending moment, the degree of unsafety be-
comes larger.Conflicts of interest
All contributing authors declare no conflicts of interest.
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